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j— i ' Abstract 

o ' 

psj ■ In the bimetric scalar-tensor gravitational theory there are two 

frames associated with the two metrics g^ v and g^ v , which are linked 
| by the gradients of a scalar field <fi. The choice of a comoving frame 

""^ ■ for the metric g^ v or g^ v has fundamental physical consequences for 

q-i local observers in either metric spacetimes, while maintaining diffeo- 

5^ | morphism invariance. When the metric g^ v is chosen to be associated 

with comoving coordinates, then the speed of light varies in the frame 
with the metric g^. Observers in this frame see the dimming of su- 
pernovae because of the increase of the luminosity distance versus red 



■_ ■ shift, due to an increasing speed of light in the past universe. More- 



over, in this frame the scalar field 4> describes a dark energy component 
in the Friedmann equation for the cosmic scale without acceleration. 
If we choose g^ v to be associated with comoving coordinates, then an 
observer in the g^ metric frame will observe the universe to be accel- 
erating and the supernovae will appear to be farther away. The theory 
predicts that the gravitational constant G can vary in spacetime, while 
the fine-structure constant a = e 2 /he does not vary. The problem of 
cosmological horizons as viewed in the two frames is discussed. 
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1 Introduction 



Einstein's special relativity is based on the two postulates: 

1. All physical laws are invariant with respect to inertial reference frames; 

2. The speed of light is a universal constant with respect to all inertial 
reference frames. 

The first postulate states that physical phenomena have the same ap- 
pearance in all inertial reference frames. One obtains the same results for 
all measurable quantities and clocks are synchronized by means of two-way 
speed of light measurements. The second postulate states that there is no 
preferred reference frame and that globally, physical laws appear the same in 
all inertial frames. For a description of a consistent special relativity theory, 
it is sufficient to just adopt postulate (1) |]. However, the speed of light 
is still a constant but this constant can vary from one reference frame to 
another. The spacetime coordinates are defined so that the one-way speed 
of light is constant. 

In a Galilean spacetime the physical existence of an absolute time is 
postulated. The global concept of past, present and future is the same in all 
inertial frames. Simultaneous events in spacetime can occur in all reference 
frames. There exists a unique separation of past and future events. The speed 
of light is only constant in the Newtonian rest frame, which is a preferred 
frame of reference. Electromagnetic waves are limited not to exceed the speed 
of light. 

The first postulate of Einstein's special relativity is well established by 
local experiments, whereas the second one is not. In contrast to Galilean 
relativity with its absolute time, simultaneity is not an absolute concept, but 
a relative one, depending on the motion of the observer. However, the first 
postulate of Einstein's special relativity may not be so well established at 
the scale of cosmology or at short distances. 

Although the local Lorentz invariance of the laws of physics is a mathe- 
matical and physically attractive idea, there have been several reasons to be 
concerned about its generality at a fundamental level. It should be empha- 
sized that there is no experiment that determines the one-way speed of light, 
for this would suppose that we can synchronize physical clocks by some way 
other than by finite speed of light signals. The main reason to be concerned 
with the generality of Einstein's special relativity is the conflict between the 
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two cornerstones of modern physics, General relativity (GR) and quantum 
mechanics. 

In GR the concept of time disappears as a physically important quantity, 
because of the reparameterization invariance of the theory This has led to 
considerable research in attempts to understand how to construct a consistent 
theory of quantum gravity . When we attempt to "quantize" spacetime, we 
find it difficult to maintain our classical ideas about local causality and special 
relativity associated with the Minkowski lightcone. Moreover, in quantum 
mechanics time is an external parameter, whereas in special relativity space 
and time are on an equal footing. 

In cosmology, a comoving coordinate time does appear in the framework 
of a Friedmann, Robertson and Walker (FRW) spacetime, in which the time 
t appears as a universal time which measures the lifetime of the universe. 
However, the FRW metric is subject to a diffeomorphism reparameterization 
transformation to non-comoving coordinates and the notion of a "universal" 
absolute time disappears. 

The idea that a variable speed of light can solve the initial value problems 
of standard big-bang cosmology has received considerable attention [§, £|, || . 
From our considerations of relativity theory, we learn that it is not possible 
to have a varying speed of light, without modifying Einstein's formulation of 
special relativity and GR. 

In our first treatment of a varying speed of light theory 0, |J , we intro- 
duced a formalism for spontaneously breaking the local Lorentz invariance 
of the vacuum within GR. The symmetry of the homogeneous Lorentz group 
5*0(3, 1) was spontaneously broken to the Galilean group 0(3) in the early 
universe. This introduced the concept of an "absolute" time and a formula- 
tion of quantum gravity that did not find itself in conflict with the concept 
of time in quantum mechanics. As the universe expanded, a phase transition 
occurred that reinstated the four-dimensional symmetry of the homogenous 
Lorentz group. However, the speed of light was only allowed to change dis- 
continuously from one constant value near the beginning of the universe to 
a much smaller value corresponding to the presently measured value of the 
speed of light Cq = 299 792 458 m/s. A consistent treatment of a varying 
speed of light within a gravitational theory was lacking. In order to remedy 
this problem, a bimetric gravity theory (BGT) was constructed, which pro- 
vided a consistent diffeomorphism invariant formalism for descibing varying 
speed of light phenomena @, 0, |8|, [3~Qf| . 
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In the following, we shall focus on the scalar-tensor bimetric theory [^. || . 
The theory can be the preliminary stage for a quantum gravity theory that 
does not conflict with some of the basic properties of quantum mechanics. 
The physical effects of having two different spacetime metrics may be ex- 
pected to be observationally detectable only at cosmological scales, when 
dark matter and dark energy dominate the gravitational effects, or at short 
distances. The BGT satisfies a matter conservation law that assures that 
matter test particles travel along geodesies and do not violate the weak 
equivalence principle, which is observationally well-tested fT^j. Recently, 



the predictions of a primordial fluctuation spectrum were obtained from the 



scalar-tensor bimetric gravity theory and compared to the CMB data ['I I 



The observations of supernovae (SNe la) at red shifts 0.35 < z < 1.75 have 
shown that they appear to be farther away and therefore fainter than is to be 
expected from the standard decelerating model of the universe [fr3[ . This has 
led to the introduction of dark energy models which generate an accelerating 
expansion of the universe, based on either a cosmological constant or a form of 
quintessence ||14|| . The major problem with these models is that they lead to 
a coincidence problem, and a fine-tuned tiny mass smaller than the Hubble 
parameter, ttlq ~ 10 -33 eV, and small couplings to visible matter which 



must satisfy fifth-force constraints [ 15| . Moreover, an eternally accelerating 



universe will produce de Sitter event horizons that cause problems for string 
theory and quantum gravity theories [16| . 



Recently, an alternative explanation of the SNe la observations was pro- 
posed without the acceleration caused by dark energy, based on the idea of 



flavor oscillations |T/]]. An axion and a photon mixing causes an attenuation 
of the photon flux from distant systems. The model postulates an axion 
mass wia ~ 10~ 16 eV and a coupling with a mass scale Ms ~ 10 11 GeV. 
A higher-dimensional model with leakage into the higher dimension has also 
been proposed as an alternative to the standard cosmological constant or 



quintessence models [[T8[ . 

In the following, we shall consider the problem of the dimming of super- 
novae within the BGT in the variable speed of light (VSL) frame. 

The Friedmann equation obtained from the field equations of BGT in the 
VSL frame leads to dark matter and dark energy components which give the 
experimentally observed result f^Tot ~ 1, without generating an accelerating 
expansion of the universe. The observed dimming of the SNe la is affected 
by an increase of the red shift by 10%-15%, due to an increase in the speed of 
light in the past, which increases the luminosity distance to the supernovae. 
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We consider the consequences for other fundamental "constants" of na- 
ture such as Newton's constant G and the fine-structure constant a = e 2 /hc 
and discuss the problem of cosmological horizons in BGT. 



2 Bimetric Scalar- Tensor Gravity 

Our scalar-tensor bimetric gravity theory (BGT) f7|, U is described by two 
metrics called the "matter metric" g^ and the "gravitational metric" g^, 
respectively, connected by the "biscalar" field (ft through the equation 

9nu = 9p,v + Bd^4>d u (j), (1) 

where the constant B has dimensions of [length] 2 and is chosen to be positive. 
The inverse metrics g^ u and g^ v satisfy 

g^gua = 6» v , g m g„ a = <5>V (2) 

We shall restrict ourselves to the physical non-degenerate case: Det(g^ u ) ^ 
0. The metric g^ v is used to construct the matter action and can be said to 
be the geometry on which matter fields propagate. It is the combination 
of the gravitational metric and the biscalar field that we consider as being 
the gravitational fields of our theory. One of the satisfactory features of the 
theory is that the formalism is generally covariant (diffeomorphism invari- 
ant), which guarantees that basic properties of the theoretical structure are 
consistent. 

The model that we introduced in |7], |9[ consisted in a self-gravitating 
scalar field coupled to matter through the matter metric ([!]), with the action 

S = S gTav + + 5*m, (3) 

where 

S grav = -- fdn(R\g] + 2A), (4) 

K J 

k = 167tG/cq, A is the cosmological constant, and we employ a metric with 
signature (+, — , — , — ). We will write, for example, dfi = d 4 x ^/—g and fi = 
sj—g for the metric density related to the gravitational metric g^, and similar 
definitions of dfi and (x in terms of the matter metric g^. The minimally- 
coupled scalar field action is given by 



S^^Jdfi [-g^d^M - V(<f>)} , (5) 
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where the scalar field has been chosen to be dimensionless. The energy- 
momentum tensor for the scalar field that we will use is given by 



T, 



fJbV 



g^g^d^d^ - -g^g^d^d^ + g^V{<f>) 



(6) 



and is the variation of the scalar field action with respect to the gravitational 
metric: 

We shall use the metric (p]) to construct the matter action Sm, resulting in 
the identification of g^ as the metric that provides the arena on which matter 
fields interact. The matter action Sy^ 1 ] = SmIs,^ 1 }, where ip 1 represents 
all the matter fields in spacetime. The energy-momentum tensor 



5S 



M 



satisfies the conservation laws 



0. 



(8) 



(9) 



This follows as a consequence of the matter field equations only |7], [|. Here, 
V M is the metric compatible covariant derivative determined by the matter 
metric: V a g^ = 0. 

The gravitational field equations are given by 0, : 



The scalar field wave equation is 



™ rpjlV 

2 + 



v„v> + V{4>) - K^r^v^v^ = o, 

where V M is the covariant derivative with respect to the metric g^ u . 
From the definition (lip, we obtain the inverses 



2 jJL 



(10) 



(11) 



B 



(12) 
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and 

<r = r v + -§v^v>, (13) 

where 

1 = 1 + Bg^d^cP, K = 1 - Bg^d„4>d v 4>. (14) 
It follows that Ji^ = 1 and we have defined V M = g^ v d v <fi and 

= = KV M 0. (15) 

We will assume a perfect fluid form for the matter fields 

fr" = U^flY-pf, (16) 
c o 

where g fiu u^"u u = 1 and w' 1 = dx^ /ds. 

A fundamental feature of the BGT is that there is a separate frame as- 
sociated with each metric, and each frame or metric has its own light cone. 
Because of the biscalar field linkage between the two frames, the two light 
cones cannot be physically identical. If we choose a small patch of space- 
time in the "gravitational" frame with the metric g^, then we can locally 
make the g^ u metric equal the flat, Minkowski metric, i.e. g^ u = where 
r)^ = diag(l, -1, -1, -1). This yields 

ds 2 = n^dx^dx" '. (17) 

However, from ([!]) we obtain 

ds 2 = n^dx^dx" + Bd^d v <pdx^dx v . (18) 
If we perform a local Lorentz transformation 

x» = A a v x\ (19) 
where A a u are constant tensor coefficients that satisfy 

A%A a , = Vv», (20) 

then ([I?]) and ([18]) both remain form invariant. This follows if we have 
V\i = dfj,(p, where = A^ a V a under a Lorentz transformation. If the light 
cone equation ds 2 = is satisfied, then ds 2 ^ along the same light cone 
unless = 0. However, ds 2 = along an expanding light cone that encloses 
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the light cone ds 2 = 0. We observe that whereas we can transform away the 
Christoffel symbols T^ u at a spacetime point, we cannot transform away the 

scalar field at this point, nor the Christoffel symbol f 1 *,. 

If we choose the vacuum expectation value =< >o^ 0, then the 
gradient of the scalar field acts as a spontaneous symmetry breaking field, 
so that it is not possible to maintain the local Lorentz invariance of the vac- 
uum states of both g^ v and g^ v metrics. Thus, a preferred frame is chosen 
under the spontaneous symmetry breaking of the vacuum, since V M picks out 
a preferred direction in spacetime. This frame can correspond to a timelike 
vector = (V, 0,0,0), leading to a spontaneous breaking of the homo- 
geneous Lorentz group 5*0(3, 1) — > 0(3) i.e. only the symmetry group of 
rotations would be preserved. In GR there is only one rigid light cone and 
one metric and local Lorentz invariance is strictly maintained. 

In the BGT developed in earlier papers, we assumed that in the VSL 
frame all particles move with the the speed of light c(t). We can generalize 
this theory, so that each particle has its own light cone by adopting the metric 
definition: 

gi^v = + Bidy&idvfa, (21) 

where the label / denotes the specific particle with its associated speed ci(t). 



3 Bimetric Gravity Cosmology 



Let us now consider a cosmological scenario, imposing homogeneity and 
isotropy on spacetime and writing the "gravitational frame" metric g^ v in 
comoving form 



ds 2 = c 2 dt 2 - R 2 (t) 



dr 2 



kr 2 



+ r 2 d9 2 + r 2 sin 2 Bdfr 



(22) 



where we employ a dimensionless radial variable r and k = 0, ±1 for flat, 
closed and open hyperbolic spatial topologies, respectively. Then, the metric 
in what we call the VSL frame takes the form 



ds 2 = c 2 (t)dt 2 -R 2 (t) 



dr 2 



+ r 2 d6 2 + r A sin z Odtf 



where 



1 — kr 2 
c(t) = col 1 / 2 , 



(23) 
(24) 
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and 



1=1 + - 2 fi. 
Co 



(25) 



An overdot indicates a derivative with respect to the time variable t. 
The matter stress-energy tensor is 



rpOO _ P rpOi 

' r 



0, T> = ^, 



(26) 



where 7* J = 1,2,3) denotes the spatial metric. The conservation laws 
become 

p + 3tf(p + 4) =0, (27) 
c o 

where H = R/R is the Hubble function. 

We see that in the VSL frame the speed of light depends on time, whereas 
in the variable speed of gravitational waves (VSGW) frame, the speed of light 
is constant and the speed of gravitational waves depends on time. The latter 
frame is arrived at by writing the matter metric in comoving form with 
constant Cq: 



ds 2 = c 2 dt 2 -R 2 (t) 
We now obtain 



ds 2 = v 2 dt 2 - R 2 (t) 



dr 2 



+ r 2 d6 2 + r z sin" 9d<f 



1 — kr 2 



dr 2 



+ r 2 d6 2 + r z sin" Odcf 



1 — kr 2 



where v g is the speed of gravitational waves 



and 



v g (t) = coK 1 / 2 , 
B 



K = 1 - 



r 2 
c o 



(28) 



(29) 



(30) 



(31) 



We see that the speed of gravitational waves v g in the VSGW frame is pre- 
dicted for B > to be smaller than the presently measured speed of light 

Co. 

The laws of physics will be interpreted differently by observers, depending 
upon whether they perform experiments in the VSL frame or the VSGW 
frame. 
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where 



The Friedmann equation in the VSL frame is given by 
tt9 kcl 8ttG 1 9 . 1 

H + = 3i^ p + r° A + 6 p ^ (32) 

P = ^> 2 + c^(0). (33) 



The remaining equation is 



/i' \ ;\G ( p \ ... ., 

V + 3/§ + -c 2 A - -{ Ptj> + 3 P<t> ), (34) 



R 3lV 2 V eg/ 3 12 
where 

P« = ^ 2 -cgW (35) 
The scalar field equation ( |TT| ) in the VSL frame is 

16irGB \ •• 3 r • ;/ 16ttG£ \ Tr// , . 

1 - -^impy + + 4^^) + y w = °- ^ 

The Friedmann equation in the VSGW frame is given by 

H , + clkK^ K3/2p+ l_ 4AK+ l_^ (37) 



where we have defined 



^ + c 2 KV( ( p), p^=^> 2 -clKV{4>). (38) 



The remaining equation is 



R 4vrG 



K^p + - 2 K^p] + UaK - Ifo + 3p,) + \^H. (39) 



i2 3 V ci V 3 u 12 vrv 

The scalar wave equation in this frame is given by 
w _ 16^3/^3/^ + l^GB^v^ + = o. (40) 

Cq\ Cq J Cq \ Cq J 
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4 Calculation of the Red Shift 



r 7 ' 1 dr 

/ h i 2 =/(ri) = const., (41) 
Jo \ 1 — kr 2 



By adopting the VSL frame and setting ds 2 = in (^), we obtain for fixed 
9 and 0: 

r *o dtc(t) _ pi dr 
R(t) ~ Jo VI - kr 2 
where t\ denotes the time a light wave leaves a supernova or galaxy and to 
denotes the time when it reaches us on earth. If the next wave crest leaves 
7*1 at time t\ + Sti, it will arrive on earth at time to + Sto giving 

to+sto dtc(t) 

, + «, W = (42) 

Subtracting ( fill) from ( 42[) and considering that and c vary little during 
the period of a light signal, we obtain 

c(t )5t = c(ti)gi . . 

The frequency at emission V\ is then related to the observed frequency v$ by 

u Sti c(rj ) -R(ti) 



The red shift 



is then given by 



where we have 



ui 8t c(tt) R(t 
Aq — Ai 



(44) 



Ax 

c(ti) ggo) 
c(* ) 



(45) 

- 1, (46) 



A(tMt) = c , (47) 
so that Ao/Ai = vi/vq. This follows from the relation 

k% = g^k a g^ = kpk? = 0, (48) 

where we have used (||) and k^ 1 = (u/cq, 1/A) and A = |A|. 

We see that if c{t\) > c(to), then the observed red shift will appear to be 
larger due to the speed of light in the past being bigger than the presently 
observed speed c(t ) = c in an expanding universe with R(t ) > R(ti). 
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5 Apparent Luminosity and Luminosity Dis- 
tance 

The apparent luminosity I is the power per unit mirror area in our VSL 
frame ||19|| : 

P_ (^t )\(R 2 ( tl )\( 1 X 
" A \c 2 (t 1 ))\R 2 (t ))U^^R 2 (to)r!) , { ' 

where L is the absolute luminosity, A is the proper area of the mirror and P 
is the total power emitted at the source. The luminosity distance of a light 
source in Euclidean space is 

/ L \ 1 / 2 



which leads to the expression 

" '.ri/oi J\ rut 

Let us expand R(t) as 

1 



dL = ( v^ri ). (51) 



where 



R(t) = R(t )[l + H (t - t ) - ^q Q Hl{t - t ) 2 + ...], (52) 



R(t ) R(to)R(to) f . 

Ho = mr go = "^T- (53) 



We also expand c(t) in the power series 

c(t) = c(t )[l + D (t - t ) + ^QoDtit - t ) 2 + ...], (54) 

where 

_ c(t ) n _ c(t )c(t ) 

The negative signs of the coefficients D and Qo are chosen to yield a de- 
creasing speed of light as the universe expands. From (0), we get using (|52|) 
and (1547) the red shift 



z = (H - D ) (t - *i) + [(1 + ^o)# 2 + ^oD 2 - D #o] (to - *i) 2 + - (56) 
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Inverting this equation we get 

(57) 

From (f|l]), we obtain 

(Isy) [to _ tx + l {Ho ~ Do){to ~ tl)2 + - ] = n + 0{rl) - (58) 

This gives the result for n: 



Kt^> 2 + 4 < 59 » 



From and (0), we find 

di = c(t )n(l + z) 



-~(# - A)) V + ...}■ (60) 
In the limit that D = Q Q = 0, we obtain the correct GR limit 

d L =(^)[z + \(l- go)* + ...). (61) 
We now obtain the formula for the apparent luminosity 

' s = {iJm) {Ho ~ M 1 + G^) 2[(1 + ^ 

+ig OJ Do " D H - ~(H - D ) 2 ]z 2 + ...}. (62) 
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6 Dimming of Supernovae 



Let us write the Friedmann equation fl32|) as 

^Om + &0k + ^OA + ^00 



(63) 



where 



Om 



'Om 



3//o 2 /o 1/2: 



^Ofc 
^00 : 



f?2 f/2 



2 ' 



n 



OA 



2 ■ 



6#n 2 ' 



(64) 



where fi , po, 4>o and -f^o denote the present values of the corresponding quan- 
tities. 

Choosing the values 



Om 



0.28, n 



Ok 



o, a 



OA 



o, a 



0<j> 



0.72, 



(65) 



we obtain a fit to the supernovae data with q — | and Do and Qo chosen for 
a given red shift z to give a 10-15% increase in the luminosity distance (|60D, 
corresponding to a 20-30% decrease in the apparent luminosity observed in 



the supernovae data |13[ . For a negligible value of the pressure p m , we get 
from (M) with A = 0: 



R 
R 



/4vrG\ 



P0r, 



1 

12 



(Po0 + 3p </») 



(66) 



We see that the scalar field <f> does not produce an acceleration of the universe, 
when p O > and p </> > 0- The increased speed of light at the observed SNe 
la red shifts z has dimmed the supernovae in accordance with the SNe la 
observations. We do not attempt here to explain why A = 0. 

The Friedmann equation fl32| ) can be rewritten in terms of an effective 

gravitational constant G c s = Gj yjl(t), corresponding to a time- varying grav- 
itational constant. 

We see that the time variation of G depends on the time derivative of 
the scalar field <fi. The cosmic time evolution of G should be of the or- 
der of the expansion rate of the universe, i.e. G/G ~ Hq, where Hq = 
100/i km s™ 1 Mpc" 1 = h x 10 _10 yr _1 (TJ|]. Current observations of the ex- 
pansion of the universe yield h ~ 0.7. For z ~ 1 an estimate gives At ~ 
4.9 x 10 9 yr, so that we obtain AG/G ~ 0.3. Thus, in the red shift range 
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z ~ 0.1 — 3, a 10-15% change in G can be accomodated and be consistent 
with a 10-15% change in c(t) = cq(1 + 4-0 2 W 2 - However, as we approach 

the time of big-bang nucleosynthesis (BBN) at a red shift z ~ 10 9 — 10 10 , 
we have AG/G ~ 10 -9 — 10~ 10 and the variation of G with time becomes 
much more restrictive. This requires that for red shifts larger than z ~ 3, the 
scalar field <fr should tend to a constant and I(t) — > 1 in order not to violate 
the good agreement of BBN calculations. A more detailed numerical analysis 
of solutions of the BGT for z ~ 10 9 is needed to determine the behavior of 
I{t). Such an analysis will be considered in a future publication. 

If we now view the expansion of the universe from within the gravitational 
metric or VSGW frame, then the speed of light is constant but gravitational 
waves will move with a speed different from cq. From (|57|) , we obtain the 
contributions to (|63|) : 

_ 8nGKQ /2 p 0m clkK _ c 2 KqK 



^ = (67) 



6H, 



We obtain from (^) the deceleration parameter 

dH ~ l , K 1 ^ ^ P4> ^nG _, 1/2 clKK , no . 

! ~- u -m + 2 (1 + fl '»C + ^-W' (68) 

By using the scalar wave equation PDD, we find that []7|, [|: 

K 3(1 - K) (1 + lGnGBK^pra) + H^BtpKV'^) 



2HK ~ 1 - 16nGBK 3 / 2 p m /($ 



(69) 



The first term in the numerator and the denominator are positive-definite 
whenever the metrics have the correct signature, and the second term in the 
numerator is positive provided that H > and <pKV'(4>) > 0. 

If we choose p m ~ and k = A = 0, we get a fit to the current data in 
the VSGW frame with 

fi 0m = 0.28, ^ = 0.72, g = -0.63, (70) 

where 



q ° = -2BW + 2 + 4Hl (71) 
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We can achieve an acceleration of the universe, if the first term on the right- 
hand side of fl7lD dominates, which means that the cosmic acceleration with 
R > is caused by the dynamics of the scalar field <p with A = in the 
VSGW frame. Provided that q turns small and positive at an earlier time in 
the universe's expansion, then galaxy formation can be achieved. 

Thus, in the VSL frame the universe appears to be decelerating and the 
supernovae are dimmed because of the increase of the speed of light with 
increasing red shift z at least up to z ~ 3 — 4, while in the VSGW frame the 
universe appears to be accelerating and the supernovae appear to be farther 
away. 

We have demonstrated elsewhere, that the early universe standard hori- 
zon and flatness problems can be resolved either in the VSL frame with a 
varying speed of light, or within the VSGW frame with constant speed of 
light, but with a varying speed of gravitational waves J3, ffl H, [71 0]. 



7 Fine-Structure Constant and Energy Con- 
servation 

Let us consider the behavior of the fine-structure constant a = e 2 /he and 
the energy of a system of particles in our BGT. We shall adopt the action 
for a charged particle moving in an electromagnetic field 

1/2 



Sem — — I ds 

where 



mc (u^u v g^ + —u^A^ 



(72) 



= d^A v - d v A^ (73) 

is the electromagnetic field. Moreover, F^ u = g m g v ^F a p is the electromag- 
netic field observed in the matter VSL frame, m m = g m u w A^ = g lw A v ', m 
is the particle mass and eo is the constant electron charge. We have in our 
isotropic and homogeneous cosmology A^ = (eo/r, 0). 
From (0) and ([72]), we obtain for the Coulomb energy 

^coui = (74) 
cqt as 

where dx^/ds = 'jcq with 7 = 1/(1 — m 2 /cq). We obtain in the nonrelativistic 
limit 

^coui = --• (75) 
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In particular, the fine-structure constant 



e 2 el 

he hc ^ ^ 

is constant in our bimetric gravity theory. This will be true whether or not 
we observe a in the VSL frame or in the VSGW frame. 

This does not conform with the observations of absorption line spectra 



from quasars [p0| , which yield 

— = -0.72 ±0.18 x 10" 5 . (77) 

a 

However, these data still require to be confirmed by an independent mea- 
surement procedure before we can rule out the constancy of a predicted by 
the BGT. If we wish to interpret the dimming of the supernovae by a ~ 10% 
increase in the speed of light in the VSL frame, then we cannot simultane- 
ously demand a similar decrease in the fine-structure constant a, because 
this would strongly disagree with the Webb et al. result (|77|) and lead to 
serious violations of the weak equivalence principle experimental tests. A 
recent analysis of the effects of a time varying a in the CMB background, 
gives results which are consistent with no variation in a from the epoch of 
recombination to the present day, and restricts any such variation to be less 



than about 4% pl |. Forthcoming MAP and Planck experiments will be able 
to measure variations in a to better than a percent accuracy. 

Finally, let us consider the conservation of energy in BGT. We have from 

(0): 

p"p„ = g m V a 9^ = V^Vv = {mc ) 2 . (78) 

From the identification p M = (E/co,p), we obtain the standard special rela- 
tivity result 

E = c [(p) 2 + (mc ) 2 ] 1/2 . (79) 



8 Cosmological Horizons 



According to the models of quintessence |L4j, the dark energy of the universe 
is dominated by the potential V{4>) of a scalar field <ft, which rolls down to 
its minimum at V — 0. We recall that for an equation of state p = wp in 
GR, a cosmological constant corresponds to w — — 1, radiation domination 
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to w — I and matter domination to w — 0. On the other hand, quintessence 
gives an equation of state with 

- 1< w < ~, (80) 

while the observational evidence for a cosmological constant is given by the 
bound: 

2 

- 1 < ^observed < -g- (81) 

In the VSL frame, the proper horizon distance is given by 

5 H (t) = R(t)F, (82) 

where 

F ~L w m 

Whenever F diverges there exist no future event horizons in the spacetime 
geometry. On the other hand, when F converges the spacetime geometry 
exhibits a future horizon, and events whose coordinates at time t are located 
beyond Sh can never communicate with the observer at r = 0. 

The variation of the expansion scale factor at large R(t), when the cur- 
vature becomes negligible, approaches 

R (t) „ fW+v) . (84) 
We now have _ 

F = cJ dt ' t '[2(n-l)/3(l +W )] j (85) 
Jt 

where we have assumed that a solution of the BGT field equations leads to 
the behavior 

c(t) ~ c iT, (86) 

where n is some positive number. In the VSL frame with the metric g^, 
we can choose w > 1/3, A = and a value of n such that the integral F 
diverges and there is no future cosmological horizon. On the other hand, 
in the VSGW frame with the metric g^, the universe is accelerating with 
R > 0, the velocity of light is constant, c(t) = c , and we expect that the 
integral F will converge and allow a future cosmological horizon. 

In an eternally accelerating universe, we are confronted with the difficulty 
of defining a consistent S-matrix description of quantum field theory and 
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string/M-theories. We have shown that if we restrict ourselves to the VSL 
frame with a varying speed of light and a decelerating universe, then we 
can avoid asymptotically all future horizons associated with quintessence 
models and an accelerating universe. On the other hand, if we perform our 
experiments and theoretical calculations in the VSGW frame, then we can 
expect to encounter future cosmological horizons. Thus, it is advantageous 
for us to restrict ourselves to the VSL frame, since we can construct a viable 
S-matrix for quantum field theories and string/M-theories with a satisfactory 
asymptotic null infinity. 

9 Conclusions 

The problem of constructing a self-consistent gravity theory which is diffeo- 
morphism invariant and allows a varying speed of light and a varying speed 
of gravitational waves can be solved within the BGT formalism. A proper 
conservation law for the matter tensor can be constructed that leads to parti- 
cles moving on geodesies in the comoving g^ u frame. In this frame, the speed 
of light is constant and observers can communicate with one another by light 
signals. An observer in the spacetime determined by the g^ v metric, sees the 
speed of gravitational waves varying with time and the universe accelerate 
and a future cosmological horizon is expected to exist. 

On the other hand, when the metric g^ v is chosen to be comoving, so 
that the speed of gravitational waves is constant, and observers will be able 
(in the future) to communicate with one another by means of gravitational 
wave signals, then an observer in the g^ frame will detect a varying speed 
of light, a dimming of supernovae because of the increase of c(t) in the past 
universe, and a decelerating universe without a cosmological horizon for an 
increasing speed of light in the future universe. 

The observer in the VSL frame will be in an advantageous position when 
performing physical experiments, because the non-existence of a future cos- 
mological horizon will permit the construction of a meaningful S-matrix for 
the scattering of particles. 

An important feature of the BGT is that the dimensionless fine-structure 
constant a is constant in spacetime, so problems associated with possible 
violations of the weak equivalence principle tests and massive fine-tuning of 
vacuum quantum field theory can be avoided [p2| . However, future experi- 
ments will hopefully decide whether the putative observations of a variation 
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of a by analyses of quasar absorption line spectra are valid PO . 



There are many interesting consequences of BGT that can be explored 
e.g. the behavior of collapsing stars and the nature of dispersion relations at 
high energy. It is also of interest to investigate the possible role of BGT in 
quantum gravity. These topics will be the subject of future invetigations. 
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